Introduction
Triatoma dimidiata sensu lato (s. l.) (Hemiptera: Reduviidae: Triatominae) is currently the epidemiologically most important Chagas disease vector in Central America and a secondary vector in Mexico and northern South America. It is one of the most widespread Triatominae taxa with a native range extending from Mexico southwards into Peru (Galvão et al., 2003) . Across this extensive geographic range it exhibits considerable morphological diversity, which has led to multiple splitting and merging of the species (reviewed in Dorn et al., 2007) . In addition, its behavior varies across its range, most notably in ways that affect vector capacity, for example, degree of anthropophily. The tendency to enter houses varies between Yucatan (Dumonteil et al., 2007) and Jutiapa, Guatemala (Stevens et al., 2015) . Differences in food preferences have been demonstrated (Zeledon and Rabinovich, 1981) as well as in blood source profiles (Lima-Cordón et al., 2017) .
These differences in both the tendency to enter houses and blood meal sources influence the frequency of human-vector contact and thus Chagas disease transmission rates. Thus, delimiting the genetic boundaries of populations and species through a well-resolved phylogeny would benefit control efforts by indicating how much migration and interbreeding occur among locations, the potential for the spread of insecticide-resistance, and barriers to gene flow, especially when genetically different subpopulations also differ in vector capacity . The epidemiological importance and variability of T. dimidiata s. l. prompted the need for a well-resolved phylogeny to evaluate the epidemiological relevance of different lineages and to efficiently direct vector control efforts.
Many investigators have sought to understand the phylogeny of this taxon. Early on, morphotypes from the extremes of the range were considered different species by some authors (e.g. T. maculipennis in Mexico [originally Conorhinus maculipennis, Stahl, 1859] (Pinto, 1931) and T. capitata in Colombia (Usinger, 1941) , reviewed in Dorn et al., 2007) . However, all were synonymized as the same species following a comprehensive review of specimens across the geographic range (Lent and Wygodzinsky, 1979) ; the authors concluded that the differences reflect clinal variation, with the exception of morphologically unique specimens from caves in Central America. Later studies of antenna sensilla, head morphometry, cytogenetics, and cuticular hydrocarbons have divided T. dimidiata into two to four taxa, including at least one cryptic taxon (reviewed in Dorn et al., 2016) .
To resolve these conflicting systematic hypotheses, some of which may reflect environmental influence rather than evolutionary history, several investigators have turned to DNA sequence-based phylogenetic inference. These phylogenies, based on individual gene sequences, have shown that Triatoma hegneri falls within T. dimidiata s. l. (Groups 1 and 2; Monteiro et al., 2013) , and have also been valuable in separating morphologically similar species (Fig. 1) . The first distinct species was identified from Yucatan, Mexico and later found in Petén, Guatemala (Bargues et al., 2008; Dorn et al., 2009 Dorn et al., , 2007 Marcilla et al., 2001 ) and referred to as T. sp. aff. dimidiata (Group 3; Bargues et al., 2008) (Table 1) . Importantly, Petén specimens were confirmed as biological species by experimental crosses (García et al., 2013) . With expanded sampling, another species was identified in the Rio Frio cave, Belize (Dorn et al., 2016; Monteiro et al., 2013 ) and referred to as T. sp. aff. dimidiata (Group 4 -cave) (Dorn et al., 2016) . And although all gene trees tested so far are in agreement dividing T. dimidiata s. l. into three evolutionarily independent clades (T. dimidiata s. s. and the two newly identified species) their relative placement differed between phylogenies inferred from mitochondrial compared to the nuclear gene Internal Transcribed Spacer-2 (ITS-2), reflecting limitations of a genebased approach (Table 1; Dorn et al., 2016; Takahata and Nei, 1985) . Because the nuclear phylogeny is based on a single marker, ITS-2, additional data should help clarify relationships amongst the clades. Approaches using genome-wide markers can improve the robustness of phylogenies. Although whole genome sequencing of a large number of specimens is often cost-prohibitive, reduced representation sequencing (Davey et al., 2011) is an affordable method for including information from across the entire genome. And clearly, the broader the taxon sampling, the more complete the picture resolving issues of clinal variation vs. discrete taxa and uncovering rare cryptic species. It is also important to test different methods of aligning/mapping given that method-specific assumptions and algorithms may produce different results.
To test the hypothesis that T. dimidiata s. l. is a species complex, in this study we combined the most extensive specimen sampling for T. dimidiata s. l. across Mexico, Central and South America (n > 600) with the first genome-wide DNA sequence data for the reconstruction of a Triatominae phylogeny and species delimitation. Reduced-representation genotyping-by-sequencing (GBS) allowed us to sample single nucleotide polymorphisms (SNPs) across the genome and recover robust results. To test the robustness of the SNP calling we compared the three most popular aligners (BWA. Bowtie and Bowtie2, Toland et al., 2013) . Furthermore, we combined the phylogenetic reconstruction with species delimitation. This is the first study to use genomic and species delimitation approaches to understand the phylogenetic relationships among Chagas disease vector taxa.
Methods

Taxon sampling
Specimens belonging to T. dimidiata s. l, T. hegneri and Triatoma nitida (outgroup) were collected from domestic, peridomestic and sylvatic ecotopes encompassing as much as possible of the species distribution from southern Mexico to northern South America ( Fig. 2 ; Table S1 ) by personnel trained in the safe handling of infectious agents, preserved in 95% ethanol, and stored at room temperature. For most specimens, the geographic location was recorded using a handheld Garmin 76X device (Olathe, KS, USA). When not recorded, GPS coordinates were estimated with Google maps (https://maps.google. com). T. nitida, a closely related species that lives in sympatry with T. dimidiata, was chosen as the outgroup.
DNA extraction and illumina sequencing
High molecular weight DNA was extracted from surface sterilized legs, thorax, or abdominal tissue (Table S1 ) using the DNeasy extraction kit (Qiagen, USA). DNA quantity and quality were assessed using a Nanodrop spectrophotometer (Thermo Scientific ®, Germany), Qubit ® Flurometric Quantitation (Life Technologies, USA) and gel electrophoresis. DNA from 622 specimens (30 µl of 10-30 ng/µl high molecular weight DNA) was sent to the Genome Core Facility at Cornell University, Ithaca, NY, USA for 48-plex, 100 bp single end HiSeq reduced representation sequencing (Elshire et al., 2011) . Libraries were generated using the restriction enzyme PstI (5΄-C TGCA↓G-3΄-3΄-G↑ACGT C -5΄) based on the facility recommendation. Individually barcoded specimens were demultiplexed using the program sabre (https://github.com/najoshi/sabre), allowing for up to a single base pair mismatch in the barcoding sequence. After trimming the barcodes Fig. 1 . Summary of the relationships observed in published phylogenies of T. dimidiata s. l. Groups 1 and 2 are T. dimidiata s. s. (sensu stricto), Group 3 is T. sp. aff. dimidiata (groups based on Bargues et al., 2008) , Group 4 is T. sp. aff. dimidiata (cave) (Dorn et al., 2016) . (A) Relationships based on mitochondrial cyt b and ND4 genes (Dorn et al., 2016; Monteiro et al., 2013) , (B) Relationships based on the multi-copy nuclear ITS-2 gene (Dorn et al., 2016) . Note the conflict between the nuclear gene and mitochondrial gene topologies. * indicates T. hegneri was recovered within that clade. Dorn et al. (2007) Revived 3 subspecies, added T. hegneri as a subspecies + 1 cryptic species ITS-2 Named cryptic species from Yucatan, T. sp. aff. dimidiata; Subspecies: Group 1A (T.
Bargues et al.
T. dimidiata s.s. + 1 cryptic species ITS-2, Cytb (some bugs typed with both)
Subspecies not supported by mitochondrial marker, T. sp. aff. dimidiata confirmed by two markers, nuclear and mitochondrial Dorn et al. (2009) Molecular Phylogenetics and Evolution 120 (2018) 144-150 and recognition sites with FastX-trimmer in the FASTX Toolkit v. 0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit/index.html), the 85 bp sequences were filtered with FastQ-quality-filter removing sequences with a quality score below 10 at any point along the sequence.
Construction of the reference catalog
Since there are no available genomes for the genus Triatoma, and analysis from a previous study found no T. dimidiata tags matched the genome of Rhodnius prolixus (Orantes et al., 2017) which is estimated to have diverged over 30 million years ago (Justi et al., 2016) , sequences generated from 12 T. dimidiata s. l. (Supplementary Table 1 ) surfacesterilized legs were used to construct a reference catalog of putative T. dimidiata loci. Leg sequences were used because the thorax and abdomen were likely to contain gut microbiome, and possibly T. cruzi and blood meal DNA, in addition to the insects' DNA.
The reference catalog sequences were assembled into homologous tags using the STACKS denovo_map.pl pipeline (Catchen et al., 2013 . Because of the wide genetic diversity of the specimens, the parameters for de novo assembly were chosen to identify loci with enough sequencing representation across the tree for downstream analysis. A minimum of a single read was required to create a stack (−m = 1), a maximum of three mismatches among tags within an individual (−M = 3), and three mismatches among individuals when building the catalog (−n = 3). To filter out false positives, only tags which met four criteria were retained. (1) Zero to six SNPs were present across the reference specimens. The maximum of six SNPs on an 85 bp read reduces the chance of including distant homologs (i.e. same gene in a different species) since the maximum variability allowed is ∼7%.
(2) At least six of the 11 reference specimens contained one or more reads of that tag. Accepting tags present in half the specimens allowed for variability in the sequencing depth among these 12 specimens. A higher value at the catalog stage would be too stringent and not representative of the diversity sampled. (3) All SNPs were biallelic. This allowed the catalog to comprised SNPs variable enough to cover the diversity investigated. (4) All the specimens contained no more than two alternate haplotypes. This ensured that all retained tags were, at most, representative of heterozygous individuals, lowering the chance of false SNP discovery. Because the sequencing depth was higher and the maximal number of mis-matches is lower for the mapping step (see below), and all specimens including the reference specimens were mapped to the reference catalog to identify SNPs, any low-frequency assembly errors in the catalog-building stage would not be carried through to the final dataset. All analyses, unless otherwise stated, ran on the Mason server, at Indiana University.
Contamination of the retained tags was assessed using the available Bowtie2 indicies for Archaea, Bacteria, Fungi and Virus genomes and the human genome. The indicies were downloaded as a step of the implementation for Taxoner (Langmead and Salzberg, 2012 , see https://code.google.com/archive/p/taxoner/).
Mapping to reference catalog and SNP calling
As a control, the specimens used to construct the reference catalog were mapped against the reference catalog using Bowtie (Langmead et al., 2009 ), Bowtie2 and BWA (Li and Durbin, 2009 ). We used Bowtie, with default settings, to map the raw reads obtained for all 622 initial specimens to the reference catalog. Resulting mapped tags (sam files) were used as input to the ref_map.pl pipeline in STACKS, and SNPs were called using the genotypes pipeline, also in STACKS , both using default parameters (Catchen et al., 2013 . Fig. 2 . Map of southern Mexico to northern South America indicating the collection locations for specimens used in this study.
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Prior to phylogenetic reconstruction, R package phrynomics (https://github.com/bbanbury/phrynomics.git) was used to remove data interpreted by RaxML as invariant (e.g. fixed SNPs or sites with missing data).
Phylogenetic reconstruction was performed under the maximum likelihood (ML) algorithm in RaxML-HPC v.8 (Stamatakis, 2014) on XSEDE using the Cipres portal (Miller et al., 2010) under the GTR-CAT model of evolution with 500 bootstrap pseudo-replicates and Lewis ascertainment bias.
Pruning of rogue taxa
We used RogueNaRok to remove rogue taxa (see Sanderson and Shaffer, 2002 for an explanation of this approach). Rogue taxa are defined as taxa that are recovered in multiple places within a phylogeny, therefore, lowering clade (i.e., bootstrap) support mainly due to lack of phylogenetic signal (Aberer et al., 2011) , oversampling (Sanderson and Shaffer, 2002) , and/or samples with a large amount of missing data. In addition to the extensive sampling (> 600 specimens) in this study that likely oversampled common lineages, all samples other than the reference set were derived from the abdomen, which includes DNA of the vector, parasite (if infected), blood meal sources and microbiome. Therefore, the amount of vector genetic information was dependent on the infection status, blood-meal volume and microbiome abundance, making the yield more variable across specimens than would be expected for single-source DNA. Because the method identifying and removing rogue taxa has been tested and verified (Sanderson and Shaffer, 2002) , we chose this approach to accommodate this variability. RogueNaRok was set to optimize bootstrap support in the "best-known" tree generated by RaxML. Then rogue taxa were pruned from the dataset, RaxML invariant sites were removed and a new phylogeny was inferred following the conditions described above.
Species delimitation
The ML phylogeny was used as input for the species delimitation analyses. We used The Poisson Tree Process (PTP; Zhang et al., 2013) and the Bayesian implementation of PTP (bPTP) to infer putative species boundaries (http://species.h-its.org/). The reconstructed phylogeny was sampled for 500,000 MCMC (Markov Chain Monte Carlo) generations, where burn-in was set to 25% and convergence was assessed based on the Log-likelihood scores. Lineages delimited with > 0.9 support were deemed as independently evolving, i.e. are distinct species.
Results
Reference catalog construction and quality assessment
Comparison of the three mapping programs revealed that only Bowtie, and not the other two programs, resulted in the correct alignment of the reads (i.e. first nucleotide of the mapped read should be the first nucleotide aligned to the reference tag). For Bowtie2 and BWA alignments an excessive number of reads was observed, including the correct ones. The construction of the reference catalog using Bowtie resulted in a fasta file containing the consensus sequences of the 5,177 retained tags.
This fasta file was then mapped, using Bowtie2 (Langmead and Salzberg, 2012) with default parameters, against all available Archaea, Bacteria, Fungi and Virus genomes, obtained using Taxoner (Pongor et al., 2014) and to the human genome. No contamination from these sources was observed.
SNP calling and rogue taxa
SNP calling resulted in a dataset comprising 622 specimens and 25,980 nucleotide sites. After removing the invariant sites using phrynomics, the dataset used for the reconstruction of the preliminary phylogeny contained 17,355 SNPs. Analyses of the best reconstructed tree and bootstrap pseudo-replicates with RogueNarok resulted in the removal of 172 specimens (Table S1) . A pruned dataset generated with the 450 retained specimens and 16,202 SNPs was used for subsequent phylogenetic reconstruction in RaxML.
Species delimitation and phylogeny
Maximum likelihood phylogenetic reconstruction recovered three well-supported ingroup clades: T. dimidiata s. s. (Groups 1 and 2 ) + T. hegneri and specimen A10311 from Guatemala; T. sp. aff. dimidiata (Group 3) and T. sp. aff. dimidiata (Group 4 -cave). Out of these clades, only two comprised highly supported species, following species delimitation analysis: T. sp. aff. dimidiata (Group 3; 0.934) and T. sp. aff. dimidiata (Group 4 -cave; 0.992); as well as the outgroup: T. nitida (0.981). T. dimidiata s. s. (Groups 1 and 2) was not recovered as a single species most likely because this group is not a single lineage; however, our sampling was not designed to resolve this.
Discussion
Phylogenetic inference
Our results show that the group presently referred to as T. dimidiata comprises a species complex of at least three well-defined, monophyletic lineages with T. sp. aff. dimidiata (Group 3) as the basal clade. This species complex was revealed in two ways using the most comprehensive dataset to date, both in terms of sampling > 450 T. dimidiata specimens from seven countries) and genome coverage (∼16,000 SNPs from across the genome). First, ML phylogenetic inference shows strong support (≥90% bootstrap values) for these three monophyletic clades, T. dimidiata s. s. (Groups 1 and 2) , T. sp. aff. dimidiata (Group 4 -cave) and T. sp. aff. dimidiata (Group 3), the latter as the basal clade (Fig. 3) . Second, species delimitation supports two [T. sp. aff. dimidiata (Group 4 -cave) and T. sp. aff. dimidiata (Group 3)] out of the three clades as distinct species (> 0.9).
This complex containing at least three lineages is consistent with previous results based on the multi-copy nuclear marker ITS-2 that identified these three taxa within T. dimidiata and this same relationship among the clades (Dorn et al., 2016) . Because of the relative size of the nuclear compared to the mitochondrial genome, the vast majority of the SNPs recovered in this study are expected to be from the nuclear genome. Therefore, these conclusions reflect to the nuclear genome phylogeny.
Overall, the species delimitation analysis supports the same three clades observed in the phylogenetic reconstruction. T. sp. aff. dimidiata (Group 4 -cave) has the highest support, followed by T. nitida (as expected, since it is the outgroup) and then T. sp. aff. dimidiata (Group 3). As previously reported, T. dimidiata Groups 1, 2 and 3 occur in sympatry in Guatemala (Dorn et al., 2009; Monteiro et al., 2013) . Despite the three groups occurring in sympatry, studies consistently report T. sp. aff. dimidiata (Group 3) as a distinct lineage both with genetic data (Dorn et al., 2016) and with cross-breeding experiments (García et al., 2013) .
The species delimitation results also suggest that the large and diverse T. dimidiata s. s. clade likely includes more than one species. There are two or possibly three distinct groups: T. dimidiata s. s. (Groups 1 and 2), T. hegneri and specimen A10311_A were recovered with high bootstrap support (100%) based on the phylogenetic analysis. However, the delimitation support was lower (0.758-0.766) suggesting further study is necessary to understand diversification within the T. dimidiata S.A. Justi et al. Molecular Phylogenetics and Evolution 120 (2018) 144-150 s. s. clade. T. dimidiata s. s. has high diversity and the second highest geographic range of any of the over 150 species of Triatominae; only the tropicopolitan Triatoma rubrofascita is higher. T. dimidiata s. s. also has the lowest support as a single species, perhaps because of the high diversity and the possibility of independently evolving lineages within this clade (Dorn et al., 2016) . Groups 1 and 2 as well as T. hegneri were originally described based on geography (Bargues et al., 2008) . T. hegneri is restricted to the island of Cozumel, Group 1 from Central America and Mexico, and Group 2 from southern Central America and South America. These groups together form a monophyletic clade but individually have never been shown to be monophyletic (Bargues et al., 2008; Dorn et al., 2016 Dorn et al., , 2009 Monteiro et al., 2013) .
Conflicting nuclear and mitochondrial phylogeny: Early introgression?
It is interesting that in previous phylogenetic analyses, mitochondrial and nuclear markers recovered conflicting topologies regarding the putative sister taxa of T. dimidiata s. s. (Table 1, Fig. 1 ). For the mitochondrial genes, T. sp. aff. dimidiata (Group 3) was recovered as sister to T. dimidiata s. s. (Dorn et al., 2016 (Dorn et al., , 2009 Monteiro et al., 2013) , while for the nuclear ITS-2 marker (Bargues et al., 2008; Dorn et al., 2016 Dorn et al., , 2009 ) and nuclear GBS genome-wide data (presented here), T. sp. aff. dimidiata (Group 4 -cave) was recovered as sister.
Since interspecific mitochondrial recombination has been reported in some insect orders but not for Heteroptera (Hua et al., 2008; Li et al., 2016) , we assume the phylogeny recovered for the mitochondrial markers reflects the evolutionary history of the mitochondrial genomes in the Triatoma lineages studied. We speculate that the mitochondrial "swap" in T. dimidiata s. s. sister groups resulted from ancestral hybridization between the lineages (Fig. 4) . When speciation occurs in the absence of reinforcement, as is often hypothesized for allopatric speciation, mating barriers might not evolve between the closely related species (Ortiz-Barrientos et al., 2004) . Subsequent geographic expansion could lead to a hybrid zone, where with sufficient time, mitochondrial introgression might take place (Mastrantonio et al., 2016) .
Hybridization potentially has a range of distinct consequences, from inviability to the formation of a new hybrid species (Arnold and Martin, 2009) . Adaptive alleles in particular may permeate through closelyrelated species (Baack and Rieseberg, 2007) and could be detected with "gene-by-gene" analysis of the nuclear genome. Complete mitochondrial introgression (i.e. fixation) can occur in the absence of negative consequences of hybridization. This can be observed even if there are a small number of migrants between populations (Takahata and Slatkin, 1984) . The observed mitochondrial and nuclear phylogenies are predicted if ancestral populations of Groups 3 and 4 exchanged migrants and the resulting hybrids were either neutral or had some selective advantage. Another possibility is single-direction replacement between T. dimidiata s. s. and T. sp. aff. dimidiata (Group 4 -cave).
It appears that the phylogenetic signal reported here is sufficiently strong that even if there was introgression among nuclear genes it did not obscure overall support for the phylogenetic reconstruction. Although it is unknown if introgressed genes were included in the reduced representation sequencing, if such genes exist it would be interesting to know their ontology or functional role, and especially if they are epidemiologically important.
Niche divergence
Groups 3 and 4 have very distinct ecological ranges, the former inhabiting palm trees, chultuns (ancient Mayan granaries), and both peridomestic and intradomestic environments (personal observation, Carlota Monroy and Raquel Lima); while the later has only been found in caves (Dorn et al., 2016; Monteiro et al., 2013) . The investigation of introgressed alleles within the nuclear genomes would shed light on which genes are responsible for environmental adaptation in the Triatominae and possible drivers of diversification. Comparison of T. sp. aff. dimidiata (Group 3) and T. sp. aff. dimidiata (Group 4 -cave) with T. dimidiata s. s. can shed light on genetic changes involved in domiciliation of these important vector species.
Morphology versus molecular phylogeny
Morphological identification of Triatominae largely relies on the dichotomous keys published by Lent and Wygodzinsky (1979) and subsequent species descriptions. Using their keys all four groups are identified as T. dimidiata s. l. However, there are additional morphological characters that separate T. sp. aff. dimidiata (Group 3) and T. sp. aff. dimidiata (Group 4 -cave) from the "classic" T. dimidiata s. l. description. Such differences are leading our group to describe these new species (Dorn et al. in prep and Lima et al. in prep) .
Conclusions
In summary, this first genome-wide phylogeny and species delimitation analysis for Chagas disease vectors, based on thousands of SNPs across the nuclear genome of hundreds of specimens from a wide geographic range, reveal that Triatoma dimidiata s. l. is a complex of at least three species. These results combined with previous data on mitochondrial genes show different phylogenies for the nuclear and Fig. 3 . Maximum likelihood phylogeny reconstructed from the 450 T. dimidiata s. l. Numbers outside parenthesis represent bootstrap support > 50, numbers within parenthesis represent the frequency that the clade was recovered as a single species in the species delimitation analysis. Specimen scale :1cm. Photo credits: T. dimidiata s. s. (Groups 1 and 2) and T. hegneri: Carolina Dale; T. sp .aff. dimidiata (Groups 3 and 4 -cave) and A10311: Raquel Lima.
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Molecular Phylogenetics and Evolution 120 (2018) 144-150 mitochondrial genomes, suggesting past hybridization and introgression among the lineages. It will be important to identify the introgressed genes and other genetic differences among groups which may reveal the evolution of domestication and epidemiological importance. Furthermore, the distinct ecological preferences observed for each species reinforces the need to incorporate the knowledge that there are three well-defined species in designing vector control strategies. S.A. Justi et al. Molecular Phylogenetics and Evolution 120 (2018) 144-150 
